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The ability to convert low energy quanta into a quantum of higher energy is of great 
interest for a variety of applications such as bioimaging
1,2
, drug delivery
3
 and 
photovoltaics
4
. Although high nonlinear conversion efficiency can be achieved using 
macroscopic nonlinear crystals, upconverting light at the nanometer scale remains 
challenging because the subwavelength scale of materials prevents exploiting phase 
matching processeses
5
. Light-plasmon interactions occurring in noble metal 
nanostructures have offered alternative opportunities for nonlinear upconversion of 
infrared light, but the conversion efficiency rates remain extremely low due the weak 
penetration of the exciting fields into the metal
6
. Here we show that the third harmonic 
generation (THG) from an individual semiconductor indium tin oxide (ITO) 
nanoparticle is significantly enhanced when coupled within a plasmonic gold dimer. The 
plasmonic dimer acts as a receiving optical antenna
7
, confining the incident far field 
radiation into a near field localized at its gap. Meanwhile, the ITO nanoparticle located 
at the plasmonic dimer gap acts as a localized nonlinear transmitter upconverting three 
incident photons at frequency  into a photon at frequency 3. This hybrid nanodevice 
provides third harmonic generation enhancements of up to 10
6
 folds compared to an 
isolated ITO nanoparticle, with an effective third order susceptibility up to 3.5 × 10
3
 
nm
2
/V
2
 and conversion efficiency of 0.0007%. We also show that the upconverted third 
 2 
harmonic emission can be exploited to probe the near-field intensity at the plasmonic 
dimer gap. 
Efficiently converting multiple low energy photons into a photon of higher energy is of great 
interest in many areas of science and technology. At macroscopic scales, coherent conversion 
processes are intensively exploited for upconverting tunable laser light
8
 and for fast label-free 
imaging of biological samples
9
. At nanoscopic scales, luminescence upconversion 
subwavelength crystals can play the role of carriers for intracellular drug delivery
10 
and are 
considered as promising candidates to overcome the Shockley-Queisser efficiency limit of 
single-junction solar cells
4,11
. Technological advances realized in nanoengineering of noble 
metals have offered new opportunities for nonlinearly upconverting infrared pulsed light 
within nanometric volumes via the exploitation of coherent harmonic generation processes 
from plasmonic structures excited at resonance
6
. While most of seminal works have focused 
on the nonlinear intrinsic responses from plasmonic structures
12-14
, only few recent studies 
have investigated so far the enhanced nonlinear extrinsic responses provided by plasmonic 
couplings
5
. Such configurations are particularly suitable for electrical
15
 and optical
16
 control 
of nonlinear properties from bulk materials adjacent to plasmonic structures, or for plasmon-
enhanced generation of coherent extreme-ultraviolet light from gas jets
17
. Despite significant 
advances, achieving high harmonic conversion efficiencies of light from nonlinear 
nanostructured materials remains a challenge to address.  
In this letter, we introduce and experimentally demonstrate the viability of a novel 
subwavelength harmonic conversion system made of a single indium tin oxide nanoparticle 
decorated with a plasmonic dimer (Fig. 1a). Although the THG from an isolated ITO 
nanoparticle is relatively weak, localized plasmonic coupling dramatically enhances by 
several orders of magnitude its three-photon upconversion, which enables to unambiguously 
discriminate the third harmonic signal from the ITO nanoparticle from the strong intrinsic 
nonlinear metallic background
18-20
. Due to the non-absorbing nature of the nonlinear 
generation processes, the third harmonic scattering from the ITO nanoparticle is mainly 
sensitive to the local intensity excitation in the plasmonic gap region, thus enabling an 
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accurate probing of near-field intensities with a far-field method.  
The nonlinear upconversion nanosystems were realized via two-steps electron-beam 
lithography and a combination of etch-down and lift-off methods, with a well-controlled 
spatial alignment. Single 25 nm diameter ITO nanoparticles were generated by ion beam 
etching followed by a lift-off procedure for creating well aligned gold dimer decorations (Fig. 
1b). This led to the completion of the nonlinear upconversion system made of an ITO 
nanoparticle at the gap of a plasmonic dimer presented in Fig. 1b,c. Due to the non-directional 
deposition nature of the ITO sputtering process, the combination of etch-down and lift-off 
methods is essential to realize the hybrid nanostructures presented in this work, hence the 
differences in the fabrication approach compared to those recently used for subwavelength 
plasmonic mapping
21,22 
and probing
23
 investigations, or for controlling the optical responses 
of plasmonic antennas by nanomaterial loading
24
.  
Finite-difference time-domain (FDTD) simulations exploiting the total-field scattered-field 
formulation were performed to provide the spatial distribution of the intensity enhancement 
and extinction spectrum of the fabricated dimers (Fig. 1d,e). The dimer models are generated 
from the SEM pictures such as the one presented in Fig. 1c, whereas the ITO nanoparticles 
are considered ideal 25 nm diameter cylinders localized at the position determined from the 
SEM pictures. The optical dielectric functions of Au, Cr (adhesion layer), SiO2 (substrate) 
and ITO are fitted to experimental data
25,26
. As highlighted in previous works
27
, the 
introduction of a dielectric nanoparticle at the gap of a metallic optical antenna dimer leads to 
a spectral red-shift of its plasmonic resonance (Fig. 1e).  
The linear experimental characterization of the fabricated structures in array configuration 
(112 nanostructures per array, pitch of 2 m) was performed using a commercial Fourier 
transform infrared spectroscopy (FTIR) apparatus, (see Supplementary Section S2 for more 
information). The corresponding extinction spectra (defined as 1-transmission) for the 35 nm 
nanorod dimer with and without an ITO nanoparticle at its gap is presented in Fig. 1f. A slight 
red-shift of the resonance peak position is observed for both configurations compared to the 
numerical predictions of  Fig. 1e, which can be attributed to minor defects related to the 
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fabrication process (thickness of the gold layer, roughness...), but the shapes of the measured 
extinction cross sections agree well with the simulated spectra. From Fig. 1f, one can also 
observe that the fundamental excitation wavelength set for the nonlinear investigations 
matches with the plasmonic resonance of the nanorod dimer not coupled to an ITO 
nanoparticle.  
We started our nonlinear experimental investigations by measuring the THG from an isolated 
ITO nanoparticle (see Supplementary Section S3 for more information). Under excitation at 
frequency , the third order ITO susceptibility26 = 3.36 nm2/V2 induces a nonlinear 
polarization P
3
= 

E

 E

 E

, which in turns generates a radiation of intensity I
3P3|2. 
As expected, a fundamental femtosecond excitation at = 1500 nm gives rise to the 
instantaneous third harmonic ITO response centred at = 500 nm presented in Fig. 2a. From 
this spectrum, the THG radiated power is estimated to be 1.94×10
-20
 W, corresponding to an 
upconversion efficiency of 5.8×10
-10
 %. This weak efficiency is dramatically enhanced when 
the single ITO nanoparticle is decorated with a 35 nm gap nanorod plasmonic dimer (Fig. 2b) 
under parallel polarized excitation. The third harmonic peak intensity generated by the hybrid 
upconversion system is increased by 6 orders of magnitude compared to an isolated ITO 
nanoparticle, leading to a third harmonic power of 2.17×10
-14
 W
 
and an upconversion 
efficiency of 7×10
-4
 %. Notice that unlike the linear characterization performed by FTIR 
spectroscopy, all nonlinear measurements with hybrid nanostructures have been conducted on 
single entities. Such huge increase of the nonlinear signal essentially results from the high 
excitation intensity enhancement created by plasmonic coupling
28
, but can also be viewed as 
an improvement of the third order ITO susceptibility (see Supplementary Section S6 for 
more discussions). Exploiting the experimental data, we compute a third order effective 
susceptibility of 3543 nm
2
/V
2
 for the 25 nm ITO nanoparticle decorated with the plasmonic 
dimer, which is a susceptibility 7 order of magnitude higher than those reported with 
nonlinear macroscopic crystals
29
.  
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As non-negligible intrinsic third harmonic responses from plasmonic antennas were recently 
reported
18-20
, careful attention has been devoted to quantify the intrinsic third harmonic 
background from the plasmonic dimers by conducting extensive sets of multi-wavelength 
measurements (data available in Supplementary Section S4) and nonlinear FDTD simulations 
for the limiting cases with either χAu
(3) or χITO
(3)  set to zero (data available in Supplementary 
Section S8). These results combined with a gap size dependence analysis and an extensive set 
of multi-wavelength measurements indicate that THG from the ITO nanoparticle coupled to 
the plasmonic dimer is 16 times higher (THG upconversion efficiency 3 orders of magnitude 
higher, data provided in Supplementary Section S4) than the THG background from the 
metallic dimer itself, thus confirming that the nonlinear signal mainly originates from ITO
30
. 
The nonlinear phenomenon responsible for the upconversion process requires the 
instantaneous capture of three infrared photons to generate a green photon, hence a cubic 
dependence of the radiated third harmonic with excitation intensity is expected. This trend is 
corroborated by the experimental measurements presented in Fig. 2c, which show that the 
THG intensity from the upconversion hybrid system is sensitive to the third power of the 
fundamental incident light. Unlike luminescent nanocrystals
4
, the upconverted light from the 
hybrid nanosystem does not exhibit any saturation limitation, and, on the contrary, increasing 
the fundamental incident power leads to improving the conversion efficiency. This 
observation is a direct consequence of the scattering nature of harmonic generation 
mechanisms as opposed to the absorption nature of luminescence processes. Nevertheless the 
nonlinear upconversion efficiency is currently limited by the laser damage threshold of the 
hybrid nanosystems, which prevents achieving third harmonic conversion efficiency greater 
than 7×10
-4
 % (more discussion available in Supplementary Section S7).  
As an immediate application of high relevance for nanophotonics, we accurately quantify the 
excitation intensity enhancement  for various nanodimers (Fig. 3a), when their gaps are 
coupled to single emitters, by using an ITO nanoparticle as a probe of the near-field 
plasmonic intensity. From the numerical simulations shown in Fig. 3b, one can observe that 
any increase of the dimers’ gaps leads to a reduction of plasmonic intensity enhancements, 
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and therefore to weaker third harmonic responses from the ITO nanoparticle. Such 
expectations are corroborated by the third harmonic spectral measurements displayed in Fig. 
3c,e, where the THG intensity drastically decreases with increasing gap dimensions. 
Exploiting these data, the intensity enhancement factor can be computed as the cube root of 
the ratio between the third harmonic power from the ITO nanoparticle with and without the 
plasmonic antenna investigated. This is further discussed in the Supplementary Section S5. 
The experimental values determined for are presented in Fig. 3d,f together with numerical 
predictions. Excellent agreement was found between the experimental observations and the 
simulated data for all the probed designs.  As expected from the third harmonic spectra of Fig. 
2b and Fig. 3c,e, the highest intensity enhancements are provided by the 35 nm gap nanorod 
and 30 nm gap nanocylinder dimers, with experimental values for  of 103.6 and 49.4 
respectively, and numerical predictions of 119.5 and 55.1, respectively. Lower enhancement 
factors were measured for the 55 nm gap nanorod and 40 nm gap nanocylinder dimers due to 
weaker electromagnetic couplings for increasing gaps. These excellent agreements between 
experimental and numerical intensity enhancements demonstrate that single nonlinear 
nanoparticles can play the role of subwavelength near-field probes.  
In summary, we have introduced and experimentally highlighted the viability of a novel 
nanoscale upconversion system based on a single nonlinear nanometric particle decorated 
with a plasmonic motif. This nanosystem provides nonlinear upconversion enhancements up 
to 10
6
 fold compared to an isolated ITO nanoparticle, and enable to unambiguously 
discriminate the nonlinear signal emitted by the ITO nanoparticle from the intrinsic nonlinear 
metallic background. While the plasmonic antennas presented here exhibit narrow-band 
resonances, tunable third harmonic upconversion nanosystems could be realized by 
implementing a nonlinear nanomaterial at the gap of broadband plasmonic antenna designs
31
. 
Finally, we demonstrated that a nonlinear nanoparticle can be used as a near-field nanoprobe 
to quantify the hot spot intensities in plasmonic dimers when single emitters are placed at 
their gaps, thus introducing a new form of nonlinear enhanced light-matter interactions at the 
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nanoscale and bridging the gap between the theoretical predictions of field enhancement and 
experimental electromagnetic nanometrology.  
 
Methods 
Sample fabrication. The third harmonic upconversion nanosystems composed of an ITO nanoparticle 
decorated with a plasmonic dimer were realized via combination of electron-beam lithography with 
etch-down and lift-off approaches, accompanied by precise alignments. Indeed, a pure lift-off approach 
prevents achieving nanometric size particles with dimensions smaller than 30 nm diameter via 
sputtering because of its non-directional deposition nature. Therefore, a quartz substrate was first 
covered with a 40 nm ITO film by sputtering. Hereafter, high resolution circular nanodots and 
alignment markers were defined in hydrogen silsesquioxane resist on the substrate by electron-beam 
lithography. Ion beam etching (argon ions) of the ITO layer was then performed to generate single 25 
nm diameter nanoparticles, as presented in Fig 1b. Then, the sample was coated with 
polymethylmethacrylate and rod/ cylinder nanodimer shapes centred on a single ITO nanoparticle were 
defined in the resist, followed by a thermal evaporation of 2 nm chromium adhesion layer and 40 nm 
gold. A final lift-off step led to the completion of the upconversion system made of an ITO 
nanoparticle trapped in the gap of a plasmonic dimer, as presented in Fig. 1b,c. More details about 
nanofabrication are available in Supplementary Section S1. 
Numerical simulations. We performed 3D FDTD simulations using the commercial software FDTD 
solution v8.6 (Lumerical Inc. Vancouver, Canada). The SEM pictures of the dimers were imported into 
the software to generate the dimer model according to the fabricated dimensions. The ITO 
nanoparticles, meanwhile, were considered as ideal Ø25nm cylinders placed at the position according 
to the SEM pictures. The optical dielectric functions of the different materials are taken from tabulated 
data: Au, Cr, SiO2 and ITO
25,26
. The dielectric dispersion of the materials was fitted in the spectral 
range from 1000 nm to 2000 nm by a 6-coefficient model, allowing a tolerance of 0.1 and enforcing 
passivity. 
All simulation boundaries were set as perfect matched layers (PML) to replicate a single dimer over a 
semi-infinite substrate scenario. The solver-defined total-field scattered-field (TFSF) source was used 
to reduce computation effort since it allows defining the plane-wave excitation within the volume 
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enclosing only the dimer. For the linear simulations shown, the TFSF box had a size 800 nm × 500 nm 
× 80 nm. The x-polarized plane-wave excitation was incident normal to the dimer from the semi-
infinite free-space, i.e., propagating along -z. The incident temporal pulse had spectral components 
ranging from 1000 nm to 2000 nm (i.e. central wavelength 1500 nm, and bandwidth of 1000 nm), and 
thus, its pulse length is ∼6.64 fs. A conformal non-uniform mesh was used to map accurately the 
details of the model. The TFSF volume default grid was 7 nm × 7 nm × 2 nm. For the dimer region, the 
volume with dimensions 650 nm × 340 nm × 50 nm was discretized with a cubic grid of 4 nm × 4 nm × 
2 nm. An even smaller cubic grid of 0.5 nm × 0.5 nm × 2 nm was overridden in the region enclosing 
the ITO nanoparticle and the gaps between the ITO particle and each arm of the dimer. A finer mesh 
size along z of 0.5 nm was applied for the Cr layer. The maximum simulation time was set to 300 fs. 
The time stepping stability factor was set to 0.99, which corresponded to a time step of δt = 0.00095 fs. 
The residual energy in the simulation box volume was at least 50 dB lower than its peak value to 
ensure that the continuous wave information obtained by discrete Fourier transformations was valid. A 
standard convergence test was done to ensure negligible numerical errors originated from the PML 
distance, the non-uniform meshing, or the monitor sampling. 
The extinction cross section was calculated by the sum of the power flowing outward through a volume 
enclosing the TFSF source (scattering cross section) and the net power flowing inward through a 
rectangular cuboid inside the TFSF volume enclosing the dimer (absorption cross section). The average 
intensity within the ITO nanoparticle was obtained from a 3D field monitor. To generate the intensity 
enhancement color maps, a 2D field profile monitor recorded the field on the xy middle cross section 
plane. More linear and nonlinear simulations are presented in Supplementary Section S8. 
Experimental setup. The inverted microscope developed for this work uses a Yb:KGW femtosecond 
PHAROS laser system as a pump of a collinear optical parametric amplifier ORPHEUS with a LYRA 
wavelength extension option (Light Conversion Ltd, Lithuania, pulse duration 140 fs, repetition rate 
100 kHz). For nonlinear experiments, the fundamental incident wavelength is focused on the sample 
plane by a 0.6 NA microscope objective, and the backward-emitted third harmonic generation at 500 
nm is collected via the same objective. More information about the experimental setup is available in 
Supplementary Section S3. 
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